Werner syndrome (WS), caused by loss of function of the RecQ helicase WRN, is a hereditary disease characterized by premature aging and elevated cancer incidence. WRN has DNA binding, exonuclease, ATPase, helicase and strand annealing activities, suggesting possible roles in recombinationrelated processes. Evidence indicates that WRN deficiency causes telomeric abnormalities that likely underlie early onset of aging phenotypes in WS. Furthermore, TRF2, a protein essential for telomere protection, interacts with WRN and influences its basic helicase and exonuclease activities. However, these studies provided little insight into WRN's specific function at telomeres. Here, we explored the possibility that WRN and TRF2 cooperate during telomeric recombination processes. Our results indicate that TRF2, through its interactions with both WRN and telomeric DNA, stimulates WRN-mediated strand exchange specifically between telomeric substrates; TRF2's basic domain is particularly important for this stimulation. Although TRF1 binds telomeric DNA with similar affinity, it has minimal effects on WRNmediated strand exchange of telomeric DNA. Moreover, TRF2 is displaced from telomeric DNA by WRN, independent of its ATPase and helicase activities. Together, these results suggest that TRF2 and WRN act coordinately during telomeric recombination processes, consistent with certain telomeric abnormalities associated with alteration of WRN function.
INTRODUCTION
Patients with the autosomal recessive disease Werner syndrome (WS) prematurely develop many of the characteristics of normal aging, including graying and loss of hair, cataracts, atherosclerosis and cancer following relatively normal childhood development (1) (2) (3) . WS results from defects in a single gene product, Werner syndrome protein (WRN) (4, 5) , that possesses 3 to 5 helicase, 3 to 5 exonuclease and strand annealing activities (6) (7) (8) (9) . WRN is a member of the RecQ helicase family that also includes the human proteins BLM and RecQ4, deficient in the premature-aging and cancer-prone diseases Bloom syndrome and Rothmund-Thomson syndrome, respectively (4, 10, 11) . Cells derived from WS patients are characterized by genomic instability including large-scale chromosomal insertions, deletions and translocations (12, 13) . Compared to normal cells, WS cells also have a reduced replicative lifespan that is extended by the expression of telomerase (14) , suggesting that the premature senescence of WS cells may be due to telomere dysfunction. The notion that WRN participates in telomere maintenance was further strengthened by the findings of premature aging phenotypes reminiscent of WS and telomere anomalies in mouse models deficient for Wrn and telomerase (15, 16) and WRN colocalization and co-immunoprecipitation (predominantly during S phase) with telomeric DNA and telomeric factors (17) (18) (19) (20) .
Telomeres are the protective structures present at the ends of linear chromosomes and are composed of 5-15 kb of the repeating sequence, TTAGGG/AATCCC, ending in a 3 overhang of the G-rich strand. A complex of proteins (including TRF1, TRF2, TIN2, POT1, TPP1 and RAP1) termed as shelterin binds to and protects telomeres and regulates their maintenance (21) . Two of the most extensively studied shelterin proteins, TRF1 and TRF2, are both telomere-specific, double-stranded DNA binding proteins that play differing roles (22) (23) (24) ; notably TRF2 also possesses structure-specific DNA binding properties (25) (26) (27) . While TRF1 is thought to be a regulator of telomere length through modulation of telomerase (28) , TRF2 is essential for telomere protection. Loss of TRF2 function leads to telomere fusions or activation of ATM/p53-mediated DNA damage response at unprotected telomeres that results in apoptosis or cellular senescence (29) (30) (31) (32) (33) . The protective nature of TRF2 may derive from its ability to promote formation and stabilization of the T-loop, a structure that embeds the 3 G-rich telomeric overhang within the homologous duplex region through an invasive mechanism similar to recombination, thereby sequestering telomeric ends and preventing them from triggering DNA damage responses (25, 34) . Notably, telomeres shortened to a critical length lose this protective mechanism and trigger DNA damage responses with their accompanying consequences (35, 36) .
Regarding its putative telomeric role, WRN's enzymatic activities have been shown to be influenced by a physical and functional interaction with TRF2 (17, 18, 37, 38) , suggesting that these proteins may cooperate during telomere metabolism. Moreover, our lab has previously demonstrated that WRN coordinates its helicase and annealing activities to perform strange exchange, indicating its possible involvement in recombination pathways (7) . In agreement, certain telomeric abnormalities associated with WRN deficiency are consistent with a role for WRN in recombinational processes involving telomeric DNA (39) (40) (41) (42) . Toward a possible role for WRN in telomeric recombination events, in this study we have further investigated the functional interaction between WRN and TRF2, particularly in the context of strand exchange of telomere-related DNA substrates. Here, we report that TRF2 enhances WRN's strand exchange activity preferentially on substrates that possess telomeric sequence as well as structural characteristics that mimic the telomeric terminus. We also find that TRF2 can be displaced from telomeric DNA by WRN, in a manner independent of its ATPase and helicase activities. These results support a potential in vivo function for WRN in coordination with TRF2 during telomeric recombination processes.
MATERIALS AND METHODS

Proteins
Overexpression and purification of His-tagged WRN-E84A and WRN-K577M were performed as previously described (43) , except with inclusion of 0.1% Nonidet P40 (NP40) in all chromatography buffers. WRN-E84A contains a point mutation that eliminates its 3 to 5 exonuclease activity but does not alter its helicase and annealing activities (7, 44) ; the point mutation in WRN-K577M eliminates AT-Pase and helicase activities, but retains exonuclease activity (6, 45) . Titia de Lange (Rockefeller University) provided baculovirus with His-tagged TRF1 and TRF2 constructs. TRF1 and TRF2 were overexpressed and purified as previously reported (46) , except a different elution buffer was used (38) . His-tagged TRF2 B, kindly provided by Jack Griffith and Brian Bower (University of North Carolina at Chapel Hill), was purified as described (26) .
DNA substrates
All polyacrylamide gel electrophoresis (PAGE)-purified oligonucleotides (see Supplementary Table S1 for sequences) were from Integrated DNA Technologies. G77telo and G77scr were 5 radiolabeled using 32 P-␥ -ATP (Perkin-Elmer) and T4 polynucleotide kinase (New England Bio-labs). Unincorporated radionucleotides were removed using Mini Quick Spin Oligo Columns (Roche). These labeled oligomers were annealed to unlabeled complementary oligonucleotides by heating at 90 • C followed by stepwise cooling (lowering the temperature in 5 • C increments and holding at each temperature for 5-15 min) to promote proper alignment of repeating sequences. Likewise, 5 biotinylated-G68telo (b-G68telo) was annealed to C50telo, and G24telo to C24telo. Annealed substrates were then purified by native PAGE. Gel slices corresponding to substrate bands were excised and minced, and the substrates eluted by passive diffusion for at least 16 h at 4 • C in 10 mM Tris (pH 8.0) and 10 mM NaCl.
Helicase assays
Helicase assays were carried out in 20 l WRN reaction buffer (40 mM Tris-HCl [pH 8.0], 4 mM MgCl 2 , 5 mM dithiothreitol [DTT], 100 g/ml bovine serum albumin [BSA] and 0.1% NP40) supplemented with ATP or ATP␥ S (1 mM) as indicated and containing *G77telo/C38telo or *G77scr/C38scr (0.05-0.1 nM) and TRF2 (0.52-5.2 nM), WRN-E84A (0.5 nM) and/or UvrD (0.5 nM) as specified. Following pre-incubation of proteins at 4 • C for 5 min, DNA substrate was added and the samples were incubated at 37 • C for 10 or 15 min. Reactions were stopped by addition of one-sixth volume of helicase stop buffer (30% glycerol, 0.9% SDS, 50 mM EDTA, 0.25% bromophenol blue [BPB] and 0.25% xylene cyanol). DNA species from these reactions were separated by native PAGE (8%). After gel drying, labeled products were detected and quantified using a Storm 860 Phosphoimager and ImageQuant software (GE Healthcare). Unwinding (%) was calculated by determining the amount of labeled single-stranded (*G77telo or *G77scr) product compared to total radioactivity for that lane. Data points here and for strand exchange assays below were compared using paired, two-tailed t-tests.
Strand exchange assays
Strand exchange assays were carried out in 10 l WRN reaction buffer (pH 7.0, unless otherwise specified) containing radiolabeled substrate (0.05-0.1 nM) plus or minus non-labeled substrate (0.03-1 nM), ATP (1 mM), TRF2 (0.5-7.2 nM), TRF2 B (0.6-11.6 nM), TRF1 (0.6-5.8 nM) and/or WRN-E84A (0.5-4.1 nM), with specific DNA and protein components for each experiment described in the Results and/or figure legends. Reactions containing DNA substrates were pre-incubated with TRF2, TRF1 and/or WRN-E84A at 4 • C for 5 min followed by incubation at 37 • C for 15 min, then stopped as described for helicase assays. Alternatively, some assays were stopped by adding 0.4 mg/ml proteinase K for 10 min at 37 • C followed by one-sixth volume of helicase dyes lacking sodium dodecyl sulphate (SDS). DNA species in samples were separated using native PAGE (6-12%) with various acrylamide:bisacrylamide ratios (19:1, 37.5:1 or 100:1), as specified, to optimize resolution of key DNA products. Labeled products were viewed and quantified as described above. Strand exchange was calculated as the percentage of exchange product in relation to the total radioactivity in each respective lane after subtraction of proper background.
Electrophoretic Mobility Shift Assays
In WRN reaction buffer (pH 7.0 or 8.0) with ATP (1 mM), radiolabeled DNA substrates were incubated at 37 • C for 10 or 15 min with TRF1 (0.73-2.9 nM), TRF2 (0.29-2.9 nM) or TRF2 B (0.6-5.8 nM) as specified in Results and/or figure legends. In certain experiments, pUC19 plasmid DNA (0-47 pg/l) or unlabeled (G77scr/C38scr) substrate (0.03-0.2 nM) was added to examine the specificity of TRF2 binding to telomeric duplexes. After addition of one-sixth volume of loading buffer (30% glycerol without or with 50 mM EDTA, 0.25% BPB and 0.25% XC), DNA and DNA-protein complexes were separated using native PAGE (6%, 100:1 acrylamide:bis-acrylamide ratio) gels at 4 • C or 25 • C as specified in figure legends. Labeled products were viewed as previously described and DNA-protein binding was quantified by subtracting the percentage of unbound DNA substrate signal remaining relative to reactions without protein.
TRF2 displacement assays
WRN-mediated displacement of TRF2 was examined after stably binding TRF2 to a biotin-tagged, telomeric DNA substrate immobilized on streptavidin-coated beads. Briefly, b-G68telo/C50telo DNA substrate (32.5 nM) in 60 l bead buffer (40 mM Tris-HCl [pH 8.0], 5 mM DTT, 100 g/ml BSA, 0.1% NP40 and 50 mM NaCl) was incubated (with mixing) with 20 l pre-equilibrated streptavidin-agarose beads (Life Technologies) at 25 • C for 30 min followed by TRF2 (4.3 nM) binding in bead buffer at 25 • C for another 30 min. Following each binding step above, beads were collected by centrifugation and washed with bead buffer to remove unbound DNA or TRF2. Subsequently, bead buffer supplemented with 4 mM MgCl 2 plus or minus WRN-E84A (60 nM) was added to the beads and incubation continued at 25 • C for 5 min. To prevent rebinding of TRF2 to bead-associated telomeric DNA, another DNA substrate, G24telo/C24telo (67 nM), with 24 bp of telomeric sequence was incubated with the reactions for an additional 10 min at 37 • C. After centrifugation to pellet beads, supernatants were transferred to new tubes and the beads were washed once and then resuspended in bead buffer. Denaturation of proteins was achieved by addition of equal volume of SDS dyes (4% SDS, 20% glycerol, 0.05% BPB and 2 M 2-mercaptoethanol) to the supernatants and bead suspensions followed by heating at 90 • C for 5 min. Supernatant and bead fractions as well as a purified TRF2 marker were analyzed by SDS-PAGE (10%) and Western blotting, using mouse anti-TRF2 primary antibody (Imgenex) overnight followed by HRP-linked anti-mouse secondary antibody (GE Healthcare) for 1 h. TRF2 protein was visualized following chemiluminescent development using ECL2 (GE Healthcare). Densitometry of immunoblots was performed to determine the percentage of TRF2 displaced by WRN-E84A relative to control reactions without WRN, and statistical comparisons were achieved using paired, one-tailed t-tests.
RESULTS
WRN has been strongly implicated in telomere metabolism, primarily due to the telomere anomalies that occur in its absence (15, 16, 19, 39, 40, 42, 47) . Furthermore, our lab and others have shown that a direct physical interaction with telomeric factor TRF2 influences WRN's exonuclease and helicase activities (17, 18, 38) . These studies, although provocative, do not provide much insight into the specific function of WRN and its cooperation with TRF2 during telomere metabolism. Notably, our lab has also demonstrated that WRN coordinates its helicase and annealing activities to perform strand exchange (7) , suggesting a possible function in recombination processes impacting telomere length and structure such as the alternative lengthening of telomeres (ALT) pathway. Such a function would be consistent with the telomeric abnormalities associated with WRN deficiency. To explore a potential role for WRN in telomeric recombination, we examined the effect of TRF2 on not only WRN helicase activity but also, and more importantly, on the ability of WRN to perform strand exchange on DNA substrates, particularly those with telomeric characteristics. Notably, use of 3 -overhang substrates with G-rich sequence composition in helicase and strand exchange assays reflects structures that (i) naturally occur at telomeric ends and (ii) are required for strand invasion in recombination processes. Notably, these overhang substrates also possess the requisite structure to initiate WRN-mediated 3 to 5 unwinding--i.e. a single-stranded region 3 to the duplex to be unwound (48) (49) (50) . Since these studies were focused on WRN's helicase and strand exchange activities, we almost exclusively used WRN-E84A mutant protein (hereafter referred to as WRN), which lacks the exonuclease function but still retains robust helicase and annealing activities (7, 44) . Importantly, use of exonuclease-deficient WRN prevents possible degradation of DNA that would alter substrate structure during reactions and significantly complicate interpretation of assay results. In order to optimally determine potential contributions of TRF2, WRN concentrations in both the helicase and strand exchange reactions described below were initially titrated to limiting levels--i.e. concentrations that generated low amounts of relevant reaction products in the absence of TRF2.
TRF2 enhances WRN-mediated unwinding of telomeric DNA
Initially, the effect of TRF2 on WRN's helicase activity, a crucial component of strand exchange, was examined. All DNA substrates used in this and subsequent assays contained telomeric (or scrambled) repeat sequences adjacent to 24 bp of random sequence included to mediate proper in-frame annealing of repeated sequences during substrate preparation. The partial duplex telomeric DNA substrate (*G77telo/C38telo) used only for helicase assays contained a 39 nt G-strand 3 overhang adjacent to 38 bp of duplex sequence ( Figure 1A ). This amount of duplex DNA permitted unwinding by the weak helicase activity of WRN alone and also contained sufficient telomeric duplex sequence (14 bp) to allow TRF2 binding (51) . In parallel, assays were performed with a similar substrate To examine DNA binding by TRF2, telomeric (*G77telo/C38telo) or scrambled (*G77scr/C38scr) substrates (0.05 nM) were incubated with TRF2 (0, 0.3, 0.7, 1.5 or 2.9 nM) at 37 • C for 10 min in WRN reaction buffer (pH 8.0) and then analyzed by EMSA, performed at 4 • C without dyes. DNA and DNA-protein complexes were visualized by phosphorimaging; positions of unbound DNA and the well are indicated at left. (C) Binding (%) of TRF2 to *G77telo/C38telo (black) and *G77scr/C38scr (gray) from four experiments as in B was calculated as described in Materials and Methods based on decreases in unbound substrate. Means and standard deviations were plotted with respect to TRF2 concentration. Significant differences (all P values <0.011) between TRF2 binding to telomeric versus scrambled substrate were determined using unpaired, one-tailed t-tests and are indicated by asterisks. (D) Helicase assays were performed by incubating telomeric (*G77telo/C38telo) or scrambled (*G77scr/C38scr) substrates (0.05 nM) without or with TRF2 (2.9 nM) and WRN-E84A (0.5 nM) at 37 • C for 10 min. Products and single-stranded product markers (M) were separated by native PAGE and visualized as above. DNA species are indicated at left. (E) Bar graph of data from helicase assays, as in D with either telomeric (black) or scrambled (gray) overhang substrates and WRN without or with TRF2. Results are from three independent experiments, except for reactions containing WRN plus TRF2 on scrambled substrate (two repeats). Unwinding (%) was calculated as the percentage of helicase product (labeled *G77telo or *G77scr oligomer), compared to the total signal for each respective lane, with means and standard deviations shown. P-values were determined, comparing bracketed data points using paired two-tailed t-tests: *P = 0.0055; § P = 0.0000035; † P = 0.0041; ‡ P = 0.00081. (F) Helicase assays using *G77telo/C38telo substrate (0.01 nM) with UvrD (0.5 nM) minus or plus TRF2 (0, 0.5, 1.0, 2.1 or 5. (*G77scr/C38scr) with scrambled (GAGTGT) repeat sequence at precisely the same position ( Figure 1A ) and thus lacking a consensus TRF2 binding sequence. After TRF2 was incubated with each substrate in a manner identical to standard helicase reaction conditions, Electrophoretic Mobility Shift Assays (EMSA) were performed to compare TRF2 binding to telomeric versus scrambled DNA substrate, employing several different electrophoresis conditions found to impact binding. Under the lowest stringency conditions tested (electrophoresis performed at 4 • C without BPB and XC in the sample), TRF2 bound to both substrates in a concentration-dependent manner, but binding to telomeric *G77telo/C38telo substrate was consistently higher at each concentration as compared to scrambled *G77scr/C38scr substrate; this differential binding reached statistical significance except at the lowest TRF2 concentration ( Figure 1B and C). Under more stringent conditions (using dyes and/or electrophoresis at 25 • C), TRF2 binding to both substrates decreased as stringency increased; however, TRF2 binding to the telomeric substrate compared to scrambled substrate was consistently higher under each condition (Supplementary Figure S1A and B ). Additional experiments showed that unlabeled G77scr/C38scr substrate could compete away the (non-specific) binding of TRF2 to labeled *G77scr/C38scr but had minimal effects on TRF2 binding to labeled telomeric *G77telo/C38telo substrate (Supplementary Figure S1C and D). Moreover, DNase I footprinting experiments clearly show that TRF2 binds, as expected, to the telomeric duplex region of the *G77telo/C38telo substrate (Supplementary Figure S1E) . These results suggest that, although some binding to the scrambled overhang substrate can be observed, TRF2 preferentially binds to the overhang substrate containing telomeric duplex sequences.
To investigate the effect of TRF2 on the helicase activity of WRN, limiting concentrations of WRN were pre-incubated with or without TRF2 before addition of *G77telo/C38telo and *G77scr/C38scr substrates with immediate incubation at 37 • C, and the products were resolved by native PAGE ( Figure 1D ); results from multiple experiments are depicted in Figure 1E , which reveals several interesting observations. Using WRN alone, low levels of unwinding were observed for both substrates (Figure 1D , lanes 3 and 8), although slightly better unwinding was observed on the telomeric substrate ( Figure 1E ). Most prominently, inclusion of TRF2 enhanced WRN-mediated unwinding on both substrates ( Figure 1D , lanes 4 and 9, and E). This effect was not due to unwinding catalyzed by TRF2, as TRF2 alone had no detectable unwinding activity on these substrates ( Figure 1D , lanes 2 and 7). Notably, TRF2 stimulated WRN unwinding to a higher extent (23.4%) on the telomeric substrate as compared to the scrambled substrate (8.9%). Compared to respective levels of unwinding achieved with WRN alone, TRF2 stimulation of WRN unwinding on the telomeric substrate was much more statistically significant than its effect on unwinding of the scrambled substrate. Importantly, unwinding was catalyzed by the ATPase-dependent helicase activity of WRN, as no unwinding was observed in the presence of ATP␥ S or when helicase-deficient WRN-K577M mutant protein was used (Supplementary Figure S1F ). In another control to determine whether this effect of TRF2 is specific to WRN unwinding activity, TRF2 was tested with another 3 to 5 helicase, Escherichia coli UvrD, on the telomeric substrate. In sharp contrast to its stimulatory effect on the helicase activity of WRN, TRF2, at concentrations ranging from 0.5 to 5.2 nM, dramatically inhibited UvrD-mediated unwinding ( Figure 1F and G). Taking into account the results of both DNA binding and unwinding assays, our findings suggest a mechanism by which TRF2 recruits WRN to DNA substrate which is then unwound by WRN, with perhaps the moderate preference for TRF2 binding to the telomeric overhang leading to the substantially higher extent of unwinding observed on that substrate. Importantly, the preference of TRF2 for this *G77telo/C38telo substrate containing only 14 bp of telomeric duplex region used in unwinding assays is modest in comparison to the much stronger binding preference of TRF2 for telomeric substrates (G77telo/C50telo, G77telo/C71telo and G77telo/C77telo) containing 26, 47 and 53 bp of telomeric duplex sequence used in the strand exchange assays below.
TRF2 stimulates WRN-mediated strand exchange
WRN's helicase activity is required for strand exchange, the coordinated invasion of a single-stranded region into a complementary double-stranded substrate, followed by branch migration of the resulting three-way junction (7) . Importantly, the process of strand exchange is a key step in many recombination pathways. Since TRF2 stimulated WRN unwinding activity, we wanted to investigate their potential coordination during strand exchange relevant to telomeric recombination processes. To this end, strand exchange was evaluated using assays similar to the helicase assay utilized above, except two DNA substrates were generally used in each reaction, one double-stranded substrate and the other substrate either single-stranded ( Figure 2A ) or double-stranded ( Figure 3A ). As before, telomeric or scrambled repeat sequences were present at comparable positions on the respective substrates. However, in these strand exchange reactions, DNA substrates contained longer duplex (telomeric or scrambled) repeat sequences (26, 47 and 53 bp) than in helicase reactions (14 bp), presumably increasing the specificity of TRF2 for telomeric substrates. Importantly, the presence of single-stranded G-rich telomeric sequence specifically at 3 ends of certain substrates would be the expected arrangement after recombinationrelated resection of truncated telomeres, and also analogous to invasion of single-stranded telomeric overhangs present on the 3 ends of linear chromosomes.
Initially, reactions were set up to examine strand exchange between G77telo (ss), a single-stranded 77-mer with 53 nt of G-telomeric sequence at its 3 end and G77telo/C71telo, a substrate containing the same G77telo oligomer annealed to a complementary 71-mer (C71telo), resulting in a 71 bp double-stranded region containing 47 bp of duplex telomeric sequence adjacent to a 6 nt 3 overhang of the G-rich strand (Figure 2A ). In these assays, strand exchange is measured by swapping of unlabeled and labeled G77telo strands with the complementary C71telo strand (Figure 2A ). Since we have shown that WRN alone catalyzes strand exchange (7) , limiting concentrations of WRN were used for these reactions. Under these conditions, WRN alone mediated minimal strand exchange (Figure 2B , lane 2). Importantly, the combination of TRF2 and WRN resulted in increased exchange, as indicated by generation of faster-migrating, single-stranded product ( Figure  2B , lane 3). In this reaction scenario, single-stranded products might result from simple unwinding, as observed previously ( Figure 1D ). However, this is clearly not the case, as generation of single-stranded product does not occur in the absence of the complementary G77telo oligomer (Figure 2B, lane 5); moreover, WRN alone could not detectably unwind the *G77telo/C71telo or *G77telo/C50telo substrates in the absence of homologous DNAs (data not shown and Figure 3B , lane 8). We attribute the lack of WRN-mediated (and TRF2-assisted) unwinding in these reactions to the much longer duplex region (71 bp) of the G77telo/C71 substrate as compared to the 38 bp region of the G77telo/C38 substrate used for helicase assays. Generation of single-stranded, labeled product indicative of strand exchange absolutely depended upon the presence of completely complementary G77telo, as no detectable products were observed when another 77-mer (G77scr) containing scrambled GAGTGT repeats in place of telomeric repeats was used ( Figure 2B , lanes 6-17). Furthermore, increasing amounts of complementary G77telo mediated increasing levels of strand exchange, reaching 65.8% at the highest G77telo concentration ( Figure 2B , lanes 6-11). Importantly, under these conditions WRN-mediated strand exchange was also dependent upon the presence of TRF2 and its concentration in the reaction ( Figure 2C , lanes 2-6). While low concentrations of TRF2 showed little or no enhancement of strand exchange compared to reactions containing WRN alone, higher TRF2 concentrations substantially increased the levels of strand exchange ( Figure 2C , lanes 3-6). To further confirm that we were observing strand exchange and determine its requirements, we performed the reverse reaction--i.e. using labeled *G77telo and unlabeled G77telo/C71telo and measured strand exchange by generation of *G77telo/C71telo product. Although WRN alone mediated some strand exchange in this scenario, much higher levels of the *G77telo/C71telo product were generated in the presence of both WRN and TRF2 ( Figure  2D formed by WRN in reactions containing both a substrate with duplex telomeric sequence and a single-stranded substrate containing G-rich telomeric sequence.
Although the results above suggested that TRF2 stimulated WRN's strand exchange activity on telomeric DNA, we wanted to design assays that more closely model telomeric recombination events that might be mediated by cooperation between WRN and TRF2. In contrast to the partial duplex used above (Figure 2A ), we constructed a duplex (G77telo/C77telo) substrate ( Figure 3A ) that possesses no single-stranded character, making it more closely related to the in vivo telomeric duplex region as well as a low-affinity substrate for WRN (52) . To better mimic both a normal telomeric end and a strand invasion precursor, in the same reactions we utilized a labeled partial duplex (*G77telo/C50telo) substrate containing a 27 nt G-rich telomeric 3 overhang adjacent to 26 bp of telomeric duplex sequence ( Figure 3A) . Thus, in contrast to the previous assay, both labeled and unlabeled substrates contained sufficient duplex telomeric sequence to bind TRF2. Strand exchange in this particular assay was measured by swapping of strands between the unlabeled and labeled duplexes, resulting in conversion of *G77telo/C50telo to *G77telo/C77telo ( Figure 3A) . Notably, the *G77telo/C77telo product migrates faster than the *G77/C50 substrate on the gel system (native 12% PAGE, 37.5:1 or 100:1 acrylamide:bis-acrylamide ratio) used especially to separate these DNA products. Initially, the capability of WRN and TRF2 to perform strand exchange between *G77telo/C50telo and G77telo/C77telo was examined ( Figure 3B ). At limiting concentrations used here, WRN alone mediated a very modest increase in the *G77telo/C77telo strand exchange product over background levels observed without protein and in the presence of only TRF2 (Figure 3B , compare lanes 2, 3 and 5); we attribute this background to low levels of single-stranded C77telo oligomer in unlabeled substrate preparations, as it is not detected when G77telo/C77telo is absent ( Figure 3B , lane 8). Importantly, with both WRN and TRF2, a substantial increase in the faster migrating *G77telo/C77telo product occurred ( Figure 3B, lane 4) . Importantly, this activity was dependent on ATP ( Figure 3B, lane 7) , indicating the involvement of WRN's ATPase-dependent helicase activity. This strand exchange activity was further examined by varying the concentration of unlabeled homologous duplex G77telo/C77telo (2-10× molar excess over labeled *G77/C50) in the reaction (Figure 3C and D) . Results from these experiments clearly show that, together, WRN and TRF2 generate substantially higher levels (3-5-fold) of strand exchange product than observed with WRN alone (Figure 3C and D) . Furthermore, 4-and 10-fold excesses of the unlabeled telomeric duplex promoted higher levels of strand exchange in the presence of both WRN and TRF2 than a 2-fold excess ( Figure 3C, lanes 4, 7 and 10 , and D), demonstrating that this process is somewhat influenced by substrate concentration. The effect of TRF2 concentration on this strand exchange reaction was also evaluated in multiple experiments ( Figure 3E ). Consistent with previous results, low levels of WRN-mediated strand exchange (7.3%) occur in the absence of TRF2 ( Figure 3E, lane 3) . However, increasing TRF2 concentrations resulted in increasing amounts of exchange, with the most efficient exchange and TRF2 (2.9 nM) as indicated. DNA species were resolved by native PAGE (12%, 100:1). (D) Strand exchange (%) from assays as in C without (gray bars) or with (black bars) TRF2 was calculated as described above, except amounts of *G77telo/C77telo product present in reactions containing both substrates without enzyme were subtracted from all enzymecontaining reactions, and plotted against the ratio of unlabeled to labeled DNA substrate in the initial reaction. (E) Reactions performed as in B, using *G77telo/C50telo (0.1 nM) and G77telo/C77telo (0.4 nM) with WRN-E84A (3.8 nM) and/or TRF2 (0, 0.6, 1.0, 1.5 or 2.9 nM), were analyzed as described in C, along with a *G77telo/C77telo marker (M). Strand exchange from at least three independent experiments was calculated as described in D and plotted versus TRF2 concentration. Using unpaired, two-tailed t-tests, significant differences (P < 0.0005) in results obtained with WRN and TRF2 reactions versus WRN only controls are denoted by asterisks.
(37.9%) occurring at the highest (2.9 nM) TRF2 concentration ( Figure 3E, lane 7) . Similar to the previous reaction scenario, these results also clearly demonstrate that TRF2 enhances WRN-mediated strand exchange activity.
TRF2 specifically stimulates WRN-mediated strand exchange between telomeric duplexes
The findings above indicate that WRN and TRF2 act together to mediate strand exchange, but they did not examine whether this cooperation is specific to telomeric DNA. To determine the specific influence of telomeric DNA on these strand exchange reactions, we utilized pairs of DNA substrates as depicted in Figure 3A . While one pair of substrates (*G77telo/C50telo and G77telo/C77telo) contained telomeric repeat (TTAGGG/AATCCC) sequences, the other pair (*G77scr/C50scr and G77scr/C77scr) had the same structure but replaced telomeric regions with scrambled (GAGTGT/CTCACA) repeat sequences with identical nucleotide content. Again, strand exchange was measured by transfer of labeled (*G77telo or *G77scr) strand from the overhang substrate to produce a labeled, fully duplex substrate ( Figure 3A) . We compared the levels of strand exchange using equivalent and fixed amounts of telomeric (*G77telo/C50telo and G77telo/C77telo) or scrambled (*G77scr/C50scr and G77scr/C77scr) substrate pairs, maintaining a fixed WRN concentration while varying TRF2 (Figure 4A and B) . As above, limiting amounts of WRN were used in these reactions so that low levels of strand exchange were observed on telomeric and scrambled substrate pairs without TRF2 ( Figure 4A, lanes 3 and  12) . As expected, TRF2 alone could not mediate strand exchange using either telomeric or scrambled substrate pairs ( Figure 4A, lanes 8 and 17) . On substrates possessing scrambled sequences in the presence of WRN, increasing TRF2 concentrations resulted in only minor increases in strand exchange ( Figure 4A, lanes 13-16) . However, TRF2 more substantially stimulated WRN-mediated exchange when substrate pairs contained telomeric sequences ( Figure 4A, lanes 3-7) . In fact, at every TRF2 concentration evaluated, WRN-catalyzed strand exchange was significantly higher with telomeric than with scrambled DNA substrates; at the highest TRF2 concentration tested, strand exchange reached 37.9% using telomeric substrates compared to only 13.4% using scrambled substrates ( Figure  4B ). Interestingly, a modest preference for WRN-mediated exchange between the telomeric substrates was also observed even in the absence of TRF2 ( Figure 4B ), although the levels of exchange were relatively low in these comparisons. These results indicate that TRF2 stimulated WRNmediated strand exchange much more readily on substrates containing telomeric repeats, most likely because of TRF2's binding specificity for duplex telomeric DNA (23, 24) . To corroborate this, we used EMSA to examine TRF2 binding to telomeric and scrambled DNA substrates with or without a plasmid DNA competitor (pUC19) lacking telomeric sequences. Both *G77telo/C77telo and G77telo/C50telo were bound by TRF2, as indicated by almost complete loss of the unbound substrate and appearance of a new product at the top of the gel; smearing of the signal in reactions containing G77telo/C50telo likely is due to less sta- ble TRF2 binding to this substrate that contains a shorter (26 bp) duplex telomeric region ( Figure 4C ). Binding by TRF2 is highly specific, since the presence of plasmid DNA (pUC19) only slightly increases the amount of unbound product ( Figure 4C, lanes 2-6 and 14-18) . In contrast, *G77scr/C77scr and *G77scr/C50scr ( Figure 4C , lanes 7-12 and 19-24) remain largely unbound by TRF2 whether or not pUC19 is present. Taken together, these studies suggest that TRF2 binding specifically to telomeric sequences stimulates WRN-mediated strand exchange between substrates containing duplex telomeric DNA.
The ability of TRF2 to bind duplex telomeric DNA apparently is involved in its stimulation of the strand exchange activity of WRN on these substrates. Since TRF1 also binds telomeric duplex DNA, we next examined the possibility that it may act in a similar manner. Initially, strand exchange reactions were performed in the presence or absence of WRN with our telomeric substrate pair (*G77telo/C50telo and G77telo/C77telo) with equimolar amounts of TRF1 or TRF2, at a TRF2 concentration that produced efficient stimulation of WRN-mediated strand exchange. Neither TRF2 nor TRF1 alone catalyzed strand exchange ( Figure 5A, lanes 4 and 6) . As before, TRF2 clearly stimulated WRN-mediated strand exchange compared to reactions containing WRN alone ( Figure 5A, lanes 3 and 5) . In contrast, the effect of TRF1 on WRN-mediated strand exchange was much less pronounced than with TRF2 (Figure 5A, lanes 3, 5 and 7) . To examine this more closely, strand exchange assays were performed in the presence of WRN and over a range of concentrations of TRF1 or TRF2 ( Figure 5B ). As before, using limiting amounts of WRN resulted in only minimal (5.8%) strand exchange ( Figure 5B,  lane 3) . Although TRF1 could modestly enhance WRNmediated strand exchange, TRF2 was much better at stimulating this strand exchange reaction at each respective concentration ( Figure 5B and C) . Notably, the amount of exchange observed at 6 nM TRF1 was only 17.4%, while approximately twice the level of strand exchange (35.1%) was achieved with half the concentration (3 nM) of TRF2 ( Figure 5B, lanes 7 and 13, and C) . These observed differences were not due to lower TRF1 binding, since TRF1 and TRF2 bound *G77telo/C77telo with similar efficiencies in EMSA assays ( Figure 5D ). Therefore, these results indicate that TRF2 preferentially stimulates WRN-mediated strand exchange activity specifically on telomeric substrates. Although the specificity of TRF2 for telomeric duplex sequences is necessary for this effect, it is not alone sufficient for optimal stimulation, as TRF1 has similar DNA binding specificity but its effect on WRN-mediated strand exchange is much weaker. Collectively, these experiments indicate TRF2 specifically stimulates WRN-mediated strand exchange between a partial duplex substrate with a G-rich 3 overhang and a fully duplex substrate, both containing duplex telomeric sequences sufficient for TRF2 binding. Importantly, this scenario reflects recombination processes that might occur between the normal 3 telomeric overhang (or a resected truncated telomere) and a duplex telomeric region of another or possibly the same duplex DNA molecule.
TRF2's basic domain is required to stimulate WRN-mediated strand exchange
Subsequently, we explored the dependence of strand exchange upon the direct interaction between WRN and TRF2. In this regard, the basic (B) domain near the Nterminus of TRF2 has been shown to mediate its interaction with WRN (41). Therefore, we examined the ability of a mutant TRF2 protein lacking this domain (TRF2 B) to stimulate WRN-catalyzed strand exchange, in comparison to wild-type TRF2. In strand exchange reactions between duplex telomeric DNA substrates *G77telo/C50telo and G77telo/C77telo, addition of TRF2 B along with WRN had little or no effect on the level of strand exchange product over that observed with WRN alone, in contrast to the marked stimulatory effect of wild-type TRF2 (Figure 6A  and B) . Similarly, TRF2 B could not detectably stimulate WRN-catalyzed strand exchange between double-and single-stranded telomeric substrates ( Supplementary Figure S2) . This was not caused by loss of telomeric DNA binding by TRF2 B, as it bound to G77telo/C77telo and G77telo/C50telo telomeric duplex substrates with a similar affinity as wild-type TRF2 (Figure 6C and D) . These binding results are consistent with the telomere-specific DNA binding function of the Myb domain present in both TRF2 and TRF2 B, and earlier comparisons of these proteins on telomeric duplex substrates (24, 29, 53) . Our findings indicate that the basic domain of TRF2 is necessary for optimal stimulation of WRN-mediated strand exchange between telomeric substrates, and strongly suggest that the interaction between WRN and TRF2 mediated by this domain plays a crucial role in this process.
WRN displaces TRF2 bound to telomeric structures
TRF2's ability to enhance WRN's helicase and strand exchange activities on telomeric DNA substrates also suggests that, during these processes, WRN may displace TRF2 bound to telomeric duplex DNA. To assess this possibility, we developed an assay ( Figure 7B ) to measure TRF2 displacement, utilizing a biotin-tagged telomeric substrate, b-G68telo/C50telo, that can be immobilized on streptavidin beads. This substrate contains a duplex region (24 bp of random sequence and 26 bp of telomeric repeat sequence) identical to the 3 overhang substrate (G77telo/C50telo) used above, but possesses a slightly shorter (18 nt) G-rich 3 overhang ( Figure 7A) . Thus, this substrate should bind TRF2 in a manner essentially the same as observed with G77telo/C50telo ( Figure 4C ). Following immobilization of b-G68telo/C50telo on streptavidin beads and washing away any unbound DNA substrate, TRF2 was allowed to bind to the immobilized telomeric substrate. After washing away any unbound TRF2, WRN was added to this reaction followed by addition of a short 24-bp telomeric duplex to reduce potential re-association of displaced TRF2 with the immobilized substrate. At this point, displaced TRF2 (in supernatants) and bound TRF2 (on beads) were detected by Western blotting. In the absence of WRN, TRF2 was almost exclusively associated with the bead fraction (Figure 7C, lane 2) , which we attribute to stable TRF2 binding to the telomeric duplex region of the immobilized substrate. Importantly, addition of WRN resulted in substantial levels of TRF2 in the supernatant ( Figure 7C, lane 3) . When TRF2 levels were quantified from multiple experiments ( Figure 7D ), after WRN was added significantly lower amounts of TRF2 were reproducibly found in the bead fraction while TRF2 present in the supernatant fraction was markedly increased (by ∼7-fold). Importantly, these reactions were performed without ATP thus eliminating WRN helicase activity; therefore, TRF2 displacement could not have been caused by unwinding of the immobilized substrate. These results suggest that WRN can directly displace TRF2 from telomeric duplex DNA in a manner independent of its unwinding activity, probably through direct WRN-TRF2 interactions observed previously (17, 38) . Taken together, our results suggest that direct interactions between TRF2 and WRN and between TRF2 and telomeric DNA mediate coordinated and preferential strand exchange between telomeric sequences.
DISCUSSION
A possible role for WRN in telomere metabolism was initially promoted by the finding that the premature senescence of WS cells can be rescued by telomerase expression (14) . A telomeric role for WRN was more strongly supported by phenotypes observed in mice lacking WRN and telomerase (15, 16) and by telomeric abnormalities in cells having altered WRN status (19, (39) (40) (41) (42) 47) . Additionally, shelterin component and telomeric DNA binding fac- G77telo/C77telo (0.4 nM) were incubated (pH 7.0) with WRN-E84A (3.6 nM) minus or plus wild-type (wt) TRF2 (0.6, 1.5 or 2.9 nM) or TRF2 B ( B) (0.6, 1.5, 2.9 or 11.6 nM) as indicated at 37 • C for 15 min and DNA products analyzed as in Figure 4A. (B) Line graph of data from at least three independent experiments, performed as in A. Strand exchange (%) was calculated as described in Figure 3D , and plotted versus wild-type TRF2 (black) and TRF2 B (gray) concentration. At each TRF2 concentration, significant differences (all P values <0.02, indicated by asterisks) between wild-type TRF2 and TRF2 B as well as between wild-type TRF2 and WRN only control were calculated using unpaired, two-tailed t-tests.
(C-D) Binding of TRF2 or TRF2 B (0, 0.6, 1.5, 2.9 or 5.8 nM) to (C) *G77telo/C77telo (0.1 nM) or (D) *G77telo/G50telo (0.1 nM) was performed at pH 7.0 at 37 • C for 15 min, followed by EMSA performed at 4 • C without dyes (insets). DNA binding (%; means and standard deviations) by wild-type TRF2 (black) and TRF2 B (gray) from at least three independent experiments was calculated as described in Materials and Methods based on the percentage of unbound substrate remaining and plotted against TRF2/TRF2 B concentration. tor TRF2 was shown to interact with WRN and influence its enzymatic activities (17, 18, 37, 38) , although these studies did not provide much clarity as to the specific function of WRN at telomeres. Notably, WRN may play a role in promoting proper recombination between telomeric regions, as some studies have reported that WRN deficiency or dysfunction is associated with aberrant telomeric recombination (39, 40) . In the present study, we examined the molecular coordination between WRN and TRF2 in more detail with emphasis on possible cooperation in telomeric recombination processes. Since we had previously demonstrated that WRN catalyzes strand exchange (7) , we were particularly interested in TRF2's effect on WRN-mediated recombinational actions on DNA substrates that possess telomeric characteristics. Our findings show that TRF2 stimulates WRN's helicase and strand exchange activities preferentially on telomeric DNA, and that WRN displaces TRF2 from telomeric DNA during this process. This coordination between TRF2 and WRN during strand exchange of telomeric sequences may also play a key role in telomeric recombination processes and/or T-loop dynamics at telomeres.
Initially, we examined TRF2's effect on WRN's helicase activity, using 3 overhang substrates with singleand double-stranded telomeric (GGGTTA) or scrambled (GAGTGT) repeats ( Figure 1A) ; the former possessed 14 bp of duplex telomeric sequence (specifically TAGGGT-TAGGGTTA), sufficient for TRF2 binding (51, 54) . Our EMSA studies on these substrates consistently showed preferential binding to the telomeric overhang substrate, although binding to the scrambled substrate can be observed particularly under lower stringency conditions ( Figure 1B and C; Supplementary Figure S1A-D). Our results demonstrated that TRF2 stimulated the helicase activity of WRN on both telomeric and scrambled overhang substrates but to a greater extent on the telomeric overhang to which TRF2 binds preferentially ( Figure 1B-E) . Our data is highly consistent with a mechanism by which the DNA binding properties of TRF2 and its association with WRN are important in directing WRN helicase activity to both substrates, but with modest preference toward the telomeric overhang substrate to which it has higher affinity. This interpretation differs somewhat from a previous report showing TRF2 stimulation of WRN's helicase activity on DNA substrates without and with two telomeric (TTAGGG) repeats, neither of which could stably bind TRF2 under their EMSA conditions (17) . Opresko et al. interpreted their results as the direct interaction between TRF2 and WRN specifically altering the latter's helicase activity. Although we certainly agree that TRF2 and WRN directly interact and do not exclude the possibility that this interaction can somewhat enhance WRN helicase function, our results indicate that TRF2's DNA binding affinity helps recruit WRN to enhance its helicase activity on TRF2-bound substrate. Importantly, the specificity of TRF2 for telomeric DNA increases as the amount of telomeric duplex sequence increases, as evidenced by DNA binding studies performed with substrates used in strand exchange assays ( Figure 4C ); this highly preferential binding by TRF2 results in its strikingly specific stimulation of WRN-mediated strand exchange between telomeric substrates compared to substrates containing scrambled sequences ( Figure 4A and B) . This is also consistent with our earlier observation of the stimulatory effect of TRF2 on WRN exonuclease activity on telomeric substrates (38) . Our interpretation would seem to be more physiologically relevant, as TRF2 clearly binds telomeric DNA in vivo and this recruitment mechanism would best explain WRN's observed localization at telomeres that is affected by TRF2 status (18, 19, 41) and its apparent function in telomere maintenance. It might be expected that helicase function would be hindered by another protein bound to the DNA duplex region, as we observed with the pronounced inhibitory effect on UvrD-mediated helicase activity at TRF2 concentrations that stimulated WRN-catalyzed unwinding ( Figure 1F and G). This striking contrast between TRF2's effects on WRN versus UvrD strongly supports a coordinated, functional interaction between TRF2 and WRN relevant to telomere maintenance. Such a coordinated function is further supported by WRN's ability, even in the absence of its ATPase and helicase activities, to directly displace TRF2 from telomeric DNA ( Figure 7C and  D) . Theoretically, the ability of WRN, after its recruitment to telomeric DNA, to displace TRF2 (and potentially larger shelterin complexes) would be crucial in remodeling DNA structures during telomeric metabolic processes. Notably, this type of mechanism has been observed in other scenarios, including the relationship between RPA and RAD51 during the filament formation step of recombinational repair (55, 56) .
Because of WRN's ability to perform strand exchange (7) and the aberrant telomeric recombination phenotypes of WRN-deficient cells (39) (40) (41) , it is likely that WRN might somehow be involved in telomeric recombination. There-fore, we examined whether TRF2 could also stimulate WRN's strand exchange activity as well as the specificity of this reaction for telomeric DNA. Using two independent reaction scenarios, WRN-mediated strand exchange was preferentially enhanced by TRF2 in situations where the paired homologous DNA substrates contained telomeric sequence. In one scenario, TRF2 stimulated WRNmediated strand exchange between a predominantly duplex substrate containing 47 bp of telomeric duplex and 6 nt of single-stranded G-rich telomeric DNA and a homologous single-stranded substrate; this effect was abolished when a non-homologous, single-stranded substrate with scrambled telomeric sequence was employed ( Figure  2) . A second, more realistic scenario utilized paired homologous duplexes, with both test substrates containing sufficient telomeric duplex sequence to bind TRF2 ( Figure 3A) . While one substrate was fully duplex and contained 53 bp of telomeric repeat sequence, the other contained both a telomeric duplex region (26 bp) and a 3 overhang with only G-rich telomeric repeat sequence, thus resembling the recombinational structure present at physiological telomeric ends or formed during resection of the 'centromereproximal end' of telomeric double-strand breaks. In these reactions, WRN-mediated strand exchange was markedly stimulated (by as much as nearly 6-fold) by TRF2 in a manner dependent upon TRF2 concentration and ATP ( Figures  3-6 ). In contrast, TRF2 had little or no stimulatory effect on WRN-mediated strand exchange in parallel control reactions with structurally identical substrates but with scrambled repeat sequences replacing telomeric regions ( Figure  4A and B) . Compared to TRF2, TRF1 showed only a very modest enhancement of WRN-mediated activity in strand exchange reactions with paired telomeric substrates, even though TRF1 bound these substrates similarly as TRF2 ( Figure 5 ). These results convincingly demonstrate that TRF2 markedly and specifically stimulates WRN-mediated strand exchange between substrates containing telomeric sequences. It is noteworthy that, in both types of strand exchange reactions here, there were no exposed, complementary single-stranded regions on the paired substrates to initiate spontaneous or WRN-mediated annealing, in contrast to the original observation of WRN-mediated strand exchange (7) . Instead, it would appear that coordinated unwinding and strand invasion by WRN is required for these particular reactions and that WRN-mediated, telomeric strand invasion is substantially enhanced by TRF2, which alone does not perform strand exchange (Figures 3-5 ). TRF2's stimulatory effect on WRN's helicase and strand exchange activities is probably mediated through its ability to directly bind both WRN and telomeric DNA (17, 23, 24, 38) . We examined the involvement of the direct TRF2-WRN interaction in this stimulatory effect using a TRF2 B mutant lacking the basic domain previously shown to mediate its interaction with WRN (41) . While TRF2 B maintains its ability to bind telomeric DNA substrates with affinity similar to wild-type TRF2 ( Figure 6C and D) , it cannot stimulate WRN-mediated strand exchange ( Figure  6A and B ), suggesting that the interaction between WRN and TRF2 is crucial for this process. However, because this basic domain has been shown to also influence DNA structure-related binding by TRF2 (26), we cannot rule out the possibility that this property may also contribute to the stimulatory effect of TRF2 on WRN-mediated strand exchange between telomeric substrates. Yet another possible contributing factor is suggested by TRF2's pronounced stimulation on WRN-mediated strand exchange between two substrates containing telomeric duplex regions. Since TRF2 forms homodimers with two DNA binding sites (24), we speculate that telomeric binding sites on two substrate molecules might be bridged and brought into close proximity by TRF2 homodimers, facilitating more efficient strand exchange by WRN. Such a function might also be consistent with TRF2's proposed role in T-loop formation and stability (25) , in which it might fold back and align telomeric ends with internal telomeric duplex regions. Regardless of the precise mechanism, our results demonstrate a specific functional relationship between WRN and TRF2 and suggest their coordinated action in telomeric recombination processes. Consistent with these results, WRN can be found localized at telomeres and co-immunoprecipitates with TRF2 in vivo (17) (18) (19) 41) .
In considering specific roles for WRN in conjunction with TRF2 during telomere maintenance, it is certainly crucial that telomeres, because of their repeating sequence composition and presence on the ends of all chromosomes, would seem to be much more susceptible to recombination than the rest of the genome (57). Furthermore, 3 overhang structures present on normal telomeric ends are recombinogenic structures themselves, although they are normally bound by telomeric factors that suppress illegitimate recombination events. Specifically, evidence indicates that these 3 overhangs may be folded back and inserted into in-ternal telomeric duplex regions on the same chromosome (34), creating T-loop structures that prevent telomeric ends from activating checkpoint pathways triggering apoptosis or cellular senescence. Importantly, TRF2 plays an essential role in telomere protection and may itself facilitate T-loop formation (25, 29, 30, 36) . Telomere deprotection, by critical shortening or loss of TRF2 function, can lead to telomere fusions and uncontrolled homologous recombination, both of which may shorten telomeres stochastically (57) . It is noteworthy that alteration or loss of WRN function (as in WS) results in telomere-related phenotypes, including stochastic telomere loss, elevated sister telomere exchange, enhanced rescue of telomere-related crisis via telomeric recombination and premature cellular senescence or apoptosis in primary cells (19, 39, 42, 47) . Our findings suggest that WRN and TRF2 function coordinately to promote strand exchange between telomeric sequences. Such an activity might be important in several pathways to maintain telomere stability. First, WRN and TRF2 may act together during T-loop formation or resolution. Invasion of telomeric overhangs into telomeric duplex regions to form T-loops are strand exchange events that are strikingly similar to our reactions catalyzed by WRN that are markedly stimulated by TRF2. Defects in T-loop formation would cause problems with telomere end protection and promote checkpoint activation and senescence/apoptosis or uncontrolled telomeric recombination, consistent with some phenotypes associated with WRN deficiency. Alternatively, TRF2 and WRN may cooperate during replication to catalyze T-loop resolution, which is essentially another strand exchange event; compromised resolution of T-loop structures might result in stochastic telomere loss associated with WRN deficiency. This would be consistent with proposed role of WRN and other RecQ helicases in responding to replication blocking events (58) (59) (60) (61) (62) (63) . Analogously, WRN might use its (TRF2stimulated) strand exchange activity to resolve telomeric recombination intermediates in such a way to suppress crossing over, thereby suppressing sister telomeric exchange. An analogous, genome-wide function for its RecQ homolog BLM has been proposed (64) .
One intriguing possibility is that, in coordination with TRF2, WRN may act within telomeric regions to facilitate break-induced replication (BIR), the pathway now believed to mediate restarting of collapsed replication forks (65, 66) . Importantly, the BIR mechanism involves invasion of the detached arm of the replication fork into the homologous duplex, quite similar to the process catalyzed by WRN in our experiments (Figures 3-5 ). If the replication fork collapses in telomeric regions, WRN may work together with TRF2 bound to telomeric DNA to promote telomeric BIR, by a recombinational process similar to ALT. In this case, a deficiency in WRN and loss of telomeric BIR might result in truncation of a telomere at the point of collapse, due to the lack of distal origins of replication in telomeres. This would be consistent with stochastic telomere loss and downstream phenotypes (such as accelerated cellular senescence) observed in WRN-deficient cells (14) (15) (16) 19, 47, 67) . Because of possible enhanced damage formation in the Grich strand (due to the acute reactivity of guanine), the lagging arm may be much more prone to collapse, possibly also explaining the observation that stochastic telomere loss in WRN-deficient cells is a replication-mediated event that preferentially occurs on the sister chromatid derived from lagging strand replication (19) . Moreover and also consistent with WRN deficiency, loss of its function in telomeric BIR may result in more aberrant telomeric recombination events, perhaps initiated as a backup mechanism to restore telomere length and stability and rescue cell survival. Notably, such a role for WRN in humans would also be in agreement with the proposed role for its budding yeast homolog Sgs1 in one pathway for telomeric BIR or telomeric recombination allowing type II survivors (65, 68) . Thus, a putative coordinated function for WRN and TRF2 specifically in telomeric BIR seems an attractive possibility, although additional investigation is needed to support such a role.
In summary, our results have demonstrated that WRN and TRF2 function coordinately to achieve strand exchange of telomeric sequences. These findings substantially increase our understanding of the WRN-TRF2 functional interaction and, more importantly, point to possible specific roles in telomeric recombination processes that are in agreement with telomere-related abnormalities observed when WRN function is lost.
